Plagiorchis elegans (Rudolphi) alters the carbohydrate metabolism of the insect. Within 24 h of cercarial penetration, total body extracts of infected fourth instars exhibited decreased trehalase activity, increased trehalose-6-phosphatase activity, and a concomitant accumulation of trehalose when compared with uninfected larvae. The amounts of glucose, glycogen and lipids, and the activity of glycogen phosphorylase a were similar in extracts of infected and control larvae. The predominant fatty acids, in both control and infected larvae, were C 18:0, C 18:1, and C 18:3. There were no signiÞcant differences in the types or proportions of fatty acids found in control and infected larvae. Parasitic infection is discussed in terms of impaired trehalose metabolism.
TREHALOSE, A NONREDUCING disaccharide, is the major circulatory carbohydrate of most insects (Wyatt 1967) . Various stressful stimuli, among them parasitic infections, have been observed to induce a hypertrehalosemic response (Wilps and Gade 1990 , Woodring et al. 1993 , Kearns et al. 1994 . Hypertrehalosemia is associated with an increase in synthesis of the sugar or a decrease in degradation. The enzymes ultimately responsible for trehalose synthesis and degradation are trehalose-6-phosphatase and trehalase, respectively.
Entomopathogenic digeneans have potential as biological control agents of mosquitoes because they impair the survival and development of mosquito larvae (Rao et al. 1985 , Rau et al. 1991 . The cercarial stage of Plagiorchis elegans (Rudolphi) penetrates the cuticle of late instar mosquito larvae and encysts within their tissues. Sublethal infections of Aedes aegypti (L.) induce the release of a potent repellent compound that deters gravid females from depositing eggs in waters harboring parasitized larvae Rau 1994b, Zahiri et al. 1998) .
Aedes aegypti larvae are tolerant of starvation, not only because they are able to use carbohydrate stores but also due to their ability to mobilize lipids and proteins to fulÞll their energy requirements (Timmermann and Briegel 1999) . Preliminary studies by Zahiri et al. (1998) found that starvation of Ae. aegypti larvae, which induced repellency, resulted in reduced trehalose and glucose levels; furthermore, hemolymph glucose levels declined in P. elegans-parasitized larvae when compared with controls, whereas trehalose concentrations remained high. The current study was Preparation of Insect Extracts. Whole insect extracts were obtained from a pool of 50 fourth instars. Surface-dried larvae were placed in a microcentrifuge tube and homogenized with a hand-driven tissue grinder. For the preparation of samples for the glycogen phosphorylase assays, homogenization was done in 1 ml of ice-cold extraction buffer (50 mM Tris-HCl, 20 mM NaF, 5 mM EDTA, pH 7.0). Each sample was then centrifuged at 13,000 ϫ g for 30 min at 4ЊC (Park and Keeley 1995) . Samples for trehalose-6-phosphate analyses were prepared by homogenizing larvae in 0.5 ml of Tris-HCl (0.1 M, pH 7.0) and centrifuging at 13,000 ϫ g for 15 min at 4ЊC (Friedman 1960) . Trehalase was examined using homogenates prepared in 1 ml of 100 mM potassium phosphate buffer, pH 6.3, and subsequently centrifuged at 300 ϫ g for 10 min at 4ЊC (Jahagirdar et al. 1984) . Samples were either stored on ice (Յ30 min) for use in enzyme assays, or frozen at Ϫ20ЊC for subsequent determination of carbohydrates, lipids and proteins.
Carbohydrate Analyses. Frozen, pooled whole insect homogenates were lyophilized and weighed. To isolate the sugars, hexane (3 by 2 ml) was added to the sample to extract the lipids, and the sample was then centrifuged at 10,000 ϫ g for 10 min. Proteins were precipitated with cold 70% (vol:vol) ethanol (3 by 2 ml) and sedimented by centrifugation at 10,000 ϫ g for 10 min. Supernatants were retained, the solvent was evaporated with nitrogen gas, and the resulting samples were stored at Ϫ80ЊC.
Glucose and trehalose were identiÞed and quantiÞed by means of high-performance liquid chromatography (HPLC). The HPLC system (Beckman Gold, Beckman Instruments, San Ramon, CA) consisted of a laser light-scattering detector (LLSD) (Varex, Burtonsville, MD), a computerized integrated data handling system (Beckman model 126), and a Beckman analog interface (model 406). The LLSD was set to perform at 150ЊC in the presence of N 2 with a ßow rate of 60 ml/min. Each sugar precipitate was dissolved in 50 l water and centrifuged (3 min at 6,000 ϫ g) before being injected manually into a 20-l loop using a 50-l Hamilton syringe. Sugar standards (D-fructose, Dglucose, D-trehalose, sucrose) were injected similarly. The ion exclusion column (300 by 7.8-mm Aminex HPX-42A; Bio-Rad, Hercules, CA) was heated to 75ЊC. The system also included a complementary deashing cartridge packed with Aminex Resin (Bio-Rad). The mobile phase was distilled, deionized, and Þltered water; the ßow rate was 0.5 ml/min.
Glycogen was extracted from 50 pooled fourth instars using the hot-alkali method described in HartÞeld et al. (1989) . Larvae were lyophilized and digested with 0.8 ml of 1 M NaOH (100ЊC, 20 min) with vortexing at 5-min intervals. The digest was cooled and the volume corrected to 1 ml with one M NaOH. Ethanol (2 ml, 95% [vol:vol] ) was added to the cooled digest and the mixture was heated for 15 min at 80ЊC in a water bath. The sample was cooled on ice and glycogen was collected by centrifugation (5,000 ϫ g, 15 min). The pellet was resuspended with saturated ammonium chloride (0.25 ml), heated at 100ЊC for 5 min, and then 0.25 ml of water was added. Each sample (0.4 ml) was combined with 2.6 ml of a reagent prepared immediately before use by mixing 0.5 ml of stock iodine solution (0.26 g of I 2 and 2.6 g of KI in 10 ml of distilled water; stored in a dark container at 4ЊC) with 130 ml of 4.5 M CaCl 2 . Glycogen was determined spectrophotometrically at 460 nm (Pharmacia Biotech Ultrospec 2000, Uppsala, Sweden).
Enzyme Analyses. Glycogen phosphorylase a was assayed by a coupled enzyme reaction as described by Park and Keeley (1995) . The reaction mixture consisted of 38 mM triethanolamine, 4.8 mM imidazole, 1.9 mM EDTA (tetrasodium salt), 1.3 mM DTT, 76 mM KH 2 PO 4 , 4.8 mM magnesium acetate, 10 mg/ml glycogen, 0.57 mM NADP ϩ , 5.4 M glucose-1, 6-diphosphate, 0.85 U glucose-6-phosphate dehydrogenase (Boehringer Mannheim), and 0.24 U phosphoglucomutase (Boehringer Mannheim) (Ziegler et al. 1979 ). Phosphoglucomutase and glucose-6-phosphate dehydrogenase were diluted individually in a solution containing 20 mM Tris-HCl (pH 7.0), 5 mM imidazole, 1 mM magnesium acetate, and 0.002% (wt:vol) bovine serum albumin (BSA). The ßuid used to dilute the commercial glycogen phosphorylase a (Sigma, St. Louis, MO) and the homogenate consisted of 10 mM Tris-HCl (pH 7.0), 0.1 mM EDTA (tetrasodium salt), 1 mM mercaptoethanol, and 0.1% (wt:vol) BSA (Childress and Sacktor 1970). Production of NADPH, by the commercial glycogen phosphorylase a and glycogen phosphorylase a within the samples, was monitored continuously for 3 min at 340 nm (Pharmacia Biotech Ultrospec 2000; ϭ 6.22 ϫ 10 3 M Ϫ1 cm
Ϫ1
). Trehalose-6-phosphatase was assayed using a modiÞcation of the method described by Friedman (1960) . The reaction mixture consisted of trehalose-6-phosphate (0.02 M, 0.25 ml), MgCl 2 (0.1 M, 0.05 ml), TrisHCl (0.2 M, pH 7.2, 0.3 ml), water (0.7 ml), and sample (0.2 ml). Reactions were stopped after 1 h of incubation at 32ЊC by adding 1.5 ml of 10% (wt:vol) trichloroacetic acid. To 0.5 ml of the resulting mixtures, 2.5 ml of water and 2 ml of 20% (wt:vol) trichloroacetic acid were added. After incubation for 5 min at room temperature, 2 ml of this solution was added to 3 ml of water. Inorganic phosphate contents were estimated using an inorganic phosphate kit (Sigma). The absorbances at 660 nm were recorded (Pharmacia Biotech Ultrospec 2000).
Trehalase activity was measured by determining the liberation of glucose from trehalose. The reaction mixtures consisted of 0.25 ml 28 mM trehalose and 0.75 ml of sample. The reactions were stopped after incubation for 1 h at 30ЊC (Jahagirdar et al. 1984 ) by transferring 0.1 ml of each reaction mixture to 0.9 ml of 80% (vol:vol) ethanol. The glucose liberated from trehalose was determined using o-toluidine (6% (vol:vol) in acetic acid) (Arslan et al. 1986 ). D-glucose standards were prepared by adding 0.1 ml of each of a series of standards to 80% (vol:vol) ethanol (0.9 ml). The otoluidine reagent (5 ml) was added to the resulting mixtures and standards, which were then heated at 97ЊC for 15 min in a water bath. Absorbances at 630 nm were recorded (Pharmacia Biotech Ultrospec 2000).
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WALLAGE ET AL.: P. elegans EFFECTS Ae. aegypti METABOLISMTotal protein was determined using microassay (samples used for the determination of glycogen phosphorylase a) and standard assay (samples used for the determination of trehalase and trehalose-6-phosphatase) kits (Bio-Rad) and BSA (fraction V) as the standard.
Lipid Analyses. Total lipid was determined using the method of Van Handel (1985) . Chloroform:methanol (1:1, 0.5 ml) was added to each homogenate. Following centrifugation at 12,000 ϫ g for 5 min, 20 l of the chloroform-methanol layer were placed in a test tube and the solvent evaporated using a heating block containing glycerol. Sunßower oil, used as the standard, was treated similarly. Concentrated sulfuric acid (0.2 ml) was added to the lipid fraction and this mixture was heated for 10 min at 105ЊC. The samples were cooled on ice for 5 min. Subsequently, 5 ml of vanillin reagent, prepared by adding 400 ml of 85% (vol:vol) phosphoric acid to 100 ml of hot water containing 600 mg vanillin, was added to each sample. Color developed within 5 min and the absorbances at 525 nm were determined (Pharmacia Biotech Ultrospec 2000).
Gas chromatography (GC) was used to determine the fatty acids present in the samples. Fatty acids were converted to methyl esters according to the method of Badings and De Jong (1983) . To an extract of whole insects, 600 l hexane and 6 l 2 M sodium methoxide were added, and the mixture was vortexed for 1 min. To the mixture, 100 l 20% (vol:vol) HCl in methanol was added and this sample was incubated, with shaking, for 15 min at 85ЊC. The layer containing fatty acids was separated by centrifugation at 1,600 ϫ g for 5 min. Hexane (50 l) was added to each sample before injection. The fatty acid methyl esters were analyzed using a Varian model 3400 gas chromatograph (Varian Associates, Walnut Creek, CA) with a Varian 8100 automatic injector and a ßame-ionization detector. The column (30 m by 0.32 mm internal diameter by 0.25 m Þlm thickness; Supelcocapillary) was coated with polyethylene glycol. The gas ßow rates were as follows: carrier gas (helium), 1.5 ml/min; make up gas (H 2 ), 30 ml/min; and air, 300 ml/min. The initial column temperature at the time of injection was 40ЊC. This temperature was maintained for 2 min and then increased by increments of 4ЊC per min to a Þnal column temperature of 200ЊC. Maximum temperature was maintained for 13 min. The detector and injector temperatures were 300 and 220ЊC, respectively. The total run time was 55 min. The standard used was gas liquid chromatography (GLC) 60 (Nu-Chek-Prep, Elysian, MN) at a concentration of 5 mg/ml. Statistical Analyses. Data were analyzed using oneway analysis of variance (ANOVA). This was performed using the GLM procedure of the SAS package (SAS Institute 1995). The level of statistical signiÞ-cance was set at P Ͻ 0.05.
Results
Dry weights of whole body extracts of normal larvae (mean Ϯ SEM ϭ 2.96 Ϯ 0.12 mg/50 larvae; N ϭ 5) were signiÞcantly greater (ANOVA, one-way: F ϭ 8.04; df ϭ 1; P ϭ 0.01) than those of infected larvae (mean Ϯ SEM ϭ 2.53 Ϯ 0.09 mg/50 larvae; N ϭ 5).
In previous experiments it was determined that trehalose was the major circulating sugar, and glucose was present in low concentrations in the hemolymph (Wallage 2000) . However, the predominant sugar in whole insect extracts for both infected and control larvae was glucose. There was no difference between the amount of glucose present in control and infected larvae (Table 1) . In spite of their lower dry weight, the amount of trehalose was higher in infected when compared with control larvae (Table 1 ). An unknown compound was observed in the whole insect extracts; this compound eluted from the HPLC column at 17.6 min and had a signiÞcantly greater area under the peak in parasitized than in control larvae (Table 1) .
Glycogen content did not change as a result of parasitism (ANOVA, one-way: F ϭ 1.27, df ϭ 1, P ϭ 0.30). The mean Ϯ SEM glycogen contents of extracts of control and infected larvae were 115.95 Ϯ 18.80 g glycogen/mg dry weight (N ϭ 5) and 141.74 Ϯ 12.76 g glycogen/mg dry weight (N ϭ 5), respectively.
The results of the enzyme analyses are presented in Table 2 . The speciÞc activities of glycogen phosphorylase a in control and parasitized larvae were similar. Trehalase activity was greater in control larvae than in infected larvae. Higher levels of trehalose-6-phosphatase activity were measured in infected larvae than in controls.
The total lipid contents of infected and control larvae were indistinguishable (ANOVA, one-way: F ϭ 0.51, df ϭ 1, P ϭ 0.51). The mean Ϯ SEM lipid contents of extracts from control and infected larvae were 46.83 Ϯ 10.23 g lipid/mg dry weight (N ϭ 3) and 54.74 Ϯ 4.19 g lipid/mg dry weight (N ϭ 3), respectively. The fatty acid types and compositions, based on the areas under the peaks, did not differ between whole insect extracts of infected and uninfected larvae (Table 3) . 
Discussion
Trehalose was present in greater amounts in infected larvae than in the corresponding controls (Table 1). Enzyme analyses suggested that such elevated sugar contents were associated with an increased activity of trehalose-6-phosphatase, an enzyme involved in trehalose synthesis (Table 2) . Concomitantly, trehalose degradation by trehalase occurred at a slower rate in infected larvae than in controls (Table 2) . Although the glucose contents of whole body extracts of infected and control larvae were similar, it appears that glucose in infected larvae was channeled to the trehalose synthetic pathway to a greater extent than in control larvae. This suggests that glucose in infected larvae is generated at a faster rate to maintain the same glucose level as in control larvae. Similar events occur in other host-parasite associations. Parasitism of Manduca sexta (L.) by the braconid wasp Cotesia congregata (Say) results in an increase in gluconeogenesis, trehalogenesis and glycogen synthesis (Thompson and Lee 1994, Thompson and Dahlman 1998) . Similarly, Thompson and Binder (1984) found an increase in the enzymatic activities involved in gluconeogenic and glycolytic pathways in Trichoplusia ni (Hü bner) infected with the ichneumonid parasitoid Hyposoter exiguae (Viereck).
An unidentiÞed compound was detected in the sugar extracts. The column used in these experiments allowed larger sugar molecules to elute before smaller sugars. Therefore, this unknown compound that eluted before the known sugars is likely a disaccharide or a larger sugar. However, it cannot be ruled out that this unknown compound may be noncarbohydrate in nature.
Hypertrehalosemia is a common response of insects to stressful situations including physiological stress and injury (Nijhout 1994) . Severe physical stress of Apis mellifera (L.), such as pinching the legs, induces a violent behavioral reaction with the bee attempting to sting, bite and ßy, accompanied by a physiological response resulting in an increase in hemolymph trehalose levels (Woodring et al. 1993) . Similarly, agitation or forced ßight activity in the blow ßy Phormia terraenovae (Robineau-Desvoidy) causes an increase in trehalose concentration in the hemolymph (Wilps and Gade 1990) . Parasitism of the beetle Tenebrio molitor (L.) by the metacestode of Hymenolepis diminuta (Rudolphi) results in intermittent elevated trehalose levels up to 12 d after infection (Kearns et al. 1994 ). In the current study, the hypertrehalosemic response of Ae. aegypti larvae to P. elegans may be due to the prolonged stress of the parasiteÕs entry and encystment in the tissues of the host. At 24 h after infection trehalose was elevated. There was not only an increase in synthesis but also a decrease in breakdown of the sugar, suggesting the action of a trehalase inhibitor. Friedman (1961) speculated that the trehalase inhibitor operating in Phormia regina (Meig.) is a large protein. As well, a proteinaceous inhibitor of trehalase was isolated from Periplaneta americana (L.) (Hayakawa et al. 1989) . Such inhibitors explain the regulation of trehalase with the co-existence of substrate (trehalose) and enzyme (trehalase) in the hemolymph of insects (Hayakawa et al. 1989 , Hiraoka et al. 1995 . External trehalase inhibitors are known to block energy metabolism, resulting in abnormal physiological functioning (Kono et al. 1997) ; hence, these inhibitors are considered to be promising agents in insect control (Kanzaki et al. 1995) . The change in trehalase activity as a result of parasitism is consistent with the delayed development of Ae. aegypti larvae infected with Plagiorchis metacercariae as reported by Dempster et al. (1986) .
The source of glucose for trehalose synthesis in Ae. aegypti larvae infected with P. elegans is a topic requiring further study. Usually, the major source of Mean activities ϮSEM were calculated from three replicates with each sample consisting of 50 larvae. SpeciÞc activities are given for glycogen phosphorylase a and are expressed as nmol NADPH produced/min/mg protein. Trehalose-6-phosphatase activities are mol P i produced/mg protein over 60 min. Trehalase activities are mol glucose produced/mg protein over 60 min. * Indicates a signiÞcant difference (P Ͻ 0.05). Table 3 . Fatty acid contents in extracts derived from control and P. elegans-infected Ae. aegypti larvae Sample C 16:1 C 18:0 C 18:1 C 18:2 C 18:3 C 20:0 Saturated Unsaturated Control 5.6 Ϯ 1.8% 29.0 Ϯ 11.2% 23.1 Ϯ 5.7% 9.4 Ϯ 2.6% 27.8 Ϯ 11.9% 5.1 Ϯ 1.7% 34.1 Ϯ 11.9% 65.9 Ϯ 11.9% Parasitized 6.9 Ϯ 1.6% 32.6 Ϯ 9.1% 15.9 Ϯ 3.2% 10.0 Ϯ 4.7% 27.1 Ϯ 11.1% 7.5 Ϯ 3.3% 40.1 Ϯ 11.9% 59.9 Ϯ 11.9% ANOVA, one-way
C 16:1, palmitoleic acid; C 18:0; stearic acid; C 18:1, oleic acid; C 18:2, linoleic acid; C 18:3, linolenic acid; C 20:0, arachidic acid The mean percentages ϮSEM, based on the area under the curve, were calculated from four replicates with 50 larvae in each sample.
hemolymph trehalose is glycogen from the fat body. Trehalose levels are homeostatically regulated at the expense of glycogen (Matthews and Downer 1974 , Wilps and Gade 1990 , Becker et al. 1996 . Infection of T. molitor by H. diminuta results in a decrease in the storage carbohydrate, glycogen, to support the increase in trehalose synthesis, while having no inßu-ence on the glucose titers (Kearns et al. 1994 ). In the current study, the activities of glycogen phosphorylase a (Table 2 ) and the glycogen contents of the larvae did not differ between infected and control groups. Therefore, it would appear that the source of glucose was not glycogen. Alternative sources of glucose include dietary sugars. However, because infected larvae are anorexic (Zahiri et al. 1998) , gluconeogenesis needs to be considered. The synthesis of carbohydrates can occur from noncarbohydrate precursors such as lactate, glycerol and amino acids (Candy et al. 1997 ). Synthesis of carbohydrates from amino acids has been observed in M. sexta infected with C. congregata (Thompson et al. 1995, Thompson and Dahlman 1998) , as well as in infections of T. ni with the parasitoid H. exiguae (Thompson 1986 ). Some dipterans can also oxidize proline for energetic uses (Olembo and Pearson 1982, Candy et al. 1997) . Amino acids were not examined in this study and could be the precursor compounds used for gluconeogenesis in P. elegans-infected larvae.
Regarding other sources of energy, Candy et al. (1997) stated that all insects studied to date can obtain energy by oxidizing ketone bodies synthesized from fatty acids. In this study, there were no differences in total lipids or fatty acids between infected and control larvae ( Table 3 ), suggesting that fatty acids are not being used as a source of energy. In contrast, fatty acid composition in the fat body of the mosquito Aedes togoi (Theo) infected with a Þlarial nematode, Breinlia sergenti (Petter), differed from that in uninfected mosquitoes (Kan and Ho 1972) .
The fatty acids that were found in the current study were essentially those found by Gordon et al. (1979) and Barlow (1964) ; however, the predominant fatty acids differed slightly. The major fatty acids in Ae. aegypti larvae were C 18:0, C 18:1, and C 18:3 (Table  3 ). The main fatty acids in Ae. aegypti hemolymph are C 14:0, C 16:0, and C 16:1 (Gordon et al. 1979) , whereas the predominant fatty acids in Ae. aegypti pupae are C 16:0, C 16:1, C 18:1, and C 18:2 (Barlow 1964) . Further analyses of the relevant enzymes are necessary to determine if lipids or amino acids are being used for energy in Ae. aegypti.
Infections of Ae. aegypti with P. elegans appear to channel metabolic energy into trehalose synthesis while at the same time disrupting trehalose degradation. Such metabolic responses by the host seem maladaptive, particularly in view of the accompanying anorexia (Zahiri et al. 1998) . Starvation is known to impair the defense mechanism of the host (Tanada and Kaya 1993) and may prolong the survival of P. elegans metacercariae.
